Variation in weather conditions during grain filling has substantial effects on maize kernel weight (KW). The objective of this work was to characterize variation in KW with sowing date-associated weather conditions and examine the relationship between KW, grain filling parameters, and weather factors. Maize was sown on eight sowing dates (SD) at 15-20-day intervals from mid-March to mid-July during 2012 and 2013 in the North China Plain. With sowing date delay, KW increased initially and later declined, and the greatest KW was obtained at SD6 in both years. The increased KW at SD6 was attributed mainly to kernel growth rate (G mean ), and effective grain-filling period (P). Variations in temperature and radiation were the primary factors that influenced KW and grain-filling parameters. When the effective cumulative temperature (AT) and radiation (R a ) during grain filling were 950°C and 1005.4 MJ m −2 , respectively, P and KW were greatest. High temperatures (daily maximum temperature [T max ] > 30.2°C) during grain filling under early sowing conditions, or low temperatures (daily minimum temperature [T min ] < 20.7°C) under late sowing conditions combined with high diurnal temperature range (T max-min > 7.1°C) decreased kernel growth rate and ultimately final KW. When sowing was performed from May 25 through June 27, higher KW and yield of maize were obtained. We conclude that variations in environmental conditions (temperature and radiation) during grain filling markedly affect growth rate and duration of grain filling and eventually affect kernel weight and yield of maize. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/ licenses/by-nc-nd/4.0/).
Introduction
Maize (Zea mays L.) is one of the most important cereal crops in China and plays a significant role in ensuring food security.
Although grain yield in maize is determined mainly by kernel number (KN) per unit area [1] , variation in the weight of kernels can also affect crop yield [2] . However, dry matter accumulation of the kernel may be strongly affected by growth conditions, especially stresses (temperature, drought, precipitation, etc.) during the grain-filling period [3] [4] [5] [6] caused by climate change across northern China [7, 8] . To guarantee a stable maize yield, it is thus important to understand the impacts of weather conditions during grain filling period on dry matter accumulation in kernels and final kernel weight (KW) of maize.
Dry matter accumulation in kernels depends on grainfilling parameters such as kernel growth rate and duration of linear grain filling [6, 9] . Many studies have investigated the relationship between grain filling and environment. It has been suggested that the temperature is the main climatic factor influencing grain filling and that the optimum temperature during maize grain filling is 27-32°C [10] . However, the temperature at this period is often higher than 32°C, resulting in loss of grain yield [11] . A high temperature of 35°C during the grain-filling period may cause kernel abortion [12] , and a low temperature of 10°C for 5 days in succession may limit the increase of KW [13] . Light intensity too is one of the most important environmental factors in the growing period of maize and might influence the formation of maize yield and quality [14, 15] . Shading treatment during grain filling could limit kernel development and affect the achievement of maximum weight [16] , as a decrease in starch was observed in kernels subjected to low light intensity after silking [17] [18] [19] . Drought stress during grain filling can markedly shorten grain filling duration and thereby limit the increase of kernel weight [4, 20] . However, the growth environment of maize can be changed by sowing at different stages, exposing the crop to different environmental conditions during grain filling [21] [22] [23] . Cirilo and Andrade [21] suggested that, under the local climatic conditions (Balcarce, Argentina), with a delayed sowing date, radiation and thermal time during the grain-filling period decreased, leading finally to decreased maize kernel weight. Li et al. [24] reported that with a delay of sowing date at Shihezi, Xinjiang Uygur Autonomous region, China, grain filling rate and final kernel weight decreased.
Sowing in stages enables researchers to examine the effects of different weather conditions on maize growth in natural fields [21, 22, [25] [26] [27] , reduces the experimental period, and removes spatial and temporal disparities in soil fertility, varieties, cultivation technology, and other factors. The objectives of this study were (i) to examine the effects of sowing date-associated variation in weather conditions on KW and grain filling by sowing on eight dates from mid-March to mid-July in the North China Plain, (ii) and to quantify the relationship of weather factors with KW and grain filling parameters to provide a reference for similar maize production areas throughout the world.
Materials and methods

Site description
A field experiment was conducted during the 2012 and 2013 maize growing seasons at Xinxiang Experimental Station, Chinese Academy of Agricultural Sciences (35°11′30″ N, 113°48′ E), located in Xinxiang county, Henan province. This region is in the temperate zone with a continental monsoon climate, and the annual mean temperature, cumulative temperature above 10°C, sunshine hours, and precipitation are 14°C, 4647.2°C, 2323.9 h, and 573.4 mm, respectively. The soil type of this site is clay loam (ISSS Classification, International Soil Science Society), with 13.1 g kg − 1 organic matter, 64.3 mg kg − 1 available nitrogen, 15.4 mg kg − 1 available phosphorus, 121.3 mg kg − 1 available potassium, and pH 8.3.
Experimental design
Sowing was performed every 15-20 days from mid-March to mid-July, such that the earliest and latest dates suitable for sowing maize at the test sites were included. The eight sowing dates were March 25, April 10, April 25, May 10, May 25, June 12, July 1, and July 20 and are defined as SD1, SD2, SD3, SD4, SD5, SD6, SD7, and SD8, respectively. Table 1 lists the weather conditions for each sowing date during the maize grain growth period at the study site.
The early-maturing hybrid ZD958, the most widely grown cultivar in the North China Plain, was chosen for this study. Maize was planted at a density of 67,500 plants ha − 1 at spacings of 0.4 m and 0.8 m. Each plot was 10 m long and 4.8 m wide and consisted of 8 rows. A randomized complete block design with three replications was used in each experiment. Before sowing, the plots were finely cultivated and irrigated and basal fertilizer was applied at the rate of 225 kg N ha − 1 , 173 kg P 2 O 5 ha − 1 , and 150 kg K 2 O ha − 1 . Additional nitrogen fertilizer (138 kg N ha − 1 ) was applied at the 12th leaf stage (V12). The fertilizer application amounts were based on existing levels of N, P, and K determined from soil tests to ensure no nutrient deficiency. Irrigation was applied two or three times during the maize growing season, depending on rainfall. The amount of irrigation water applied ranged from 50 to 75 mm based on soil moisture and crop water requirements. All experimental fields were well managed and weeds, diseases, and insect pests were well controlled.
Weather data
Daily weather data for the experimental site [daily mean temperature (MT), daily maximum temperature (T max ), daily minimum temperature (T min ), precipitation, and sunshine hours] during the maize growing season in 2012 and 2013 were recorded (Chinese Meteorological Administration, 2013).
The ≥ 10°C cumulative temperature is the sum of daily mean temperature during the period in which daily mean temperature is above 10°C for every day [28] .
Solar radiation was calculated using the following equation (Eq. 1) [29] :
where Q is total solar radiation, Q 0 is climatologically radiation, S is actual sunshine hours, S 0 is possible sunshine hours, S/S 0 is percentage of sunshine, and a and b are correction coefficients.
Sampling and measurement
The stages of crop development were identified by a standardized maize developmental staging system [30] , and the date was recorded when more than 50% of the maize plants in each plot reached the following vegetative (VS) and reproductive (RS) stages: sowing time (ST), emergence stage (VE), silking stage (R1), and physiological maturity (R6). At least 50 plants in each plot, representing average plants, were tagged at the silking stage (when 50% of ears showed first silk emergence). Beginning at 5 days after silking, the apical ears of five tagged plants per plot were sampled every 7 days until the kernels reached physiological maturity, indicated by the appearance of a black layer [31] . The subapical ear was bagged prior to silking to prevent pollination. Twenty kernels were taken from the same ear position (approximately between spikelets 10 and 15, from the base of the apical ear) [32] . The dry weights of samples were measured after drying in a forced-air oven at 80°C for at least 72 h.
At harvest, a bordered area of 21.6 m 2 (6.0 m × 0.6 m × 6 rows) in each plot was harvested by hand to determine grain yield. Grain yield and kernel weight were adjusted to 14% moisture content. Ear kernel number was recorded as the mean kernel number from 20 ears per replication.
Calculation of grain-filling parameters
Kernel dry matter accumulation was estimated by fitting a logistic equation to kernel dry weight plotted against relative days from silking to physiological maturity (Eq. 2) [33, 34] .
where x is the number of days after pollination, y is the measured dry weight of one kernel (g), and a, b, and c are estimated parameters, in which a is the final kernel weight (g), b is the coefficient at the initial stage, and c is the slope of the logistic curve and related to the grain filling rate.
The following equation (Eq. 3), derived by taking the first derivative of Eq. 2, was used to estimate effective grain-filling duration and kernel growth rate [35] :
Grain-filling parameters were calculated according to the estimated parameters a, b, and c. The date of the maximum grain-filling rate was D max = ln b/c, the increased weight of the kernel at the maximum grain filling rate was W max = a/2, the maximum grain-filling rate was G max = c × W max × (1 − W max /a), the mean grain-filling rate was G mean = W × c/6, the initial grain-filling potential was R 0 = c, and the effective grain-filling duration was P = 6/c.
To examine the differences in KW at different stages of grain filling among sowing dates, KW was plotted against relative days after silking. Data normalization was used to calculate the relative time [34] . Taking the number of days from silking to physiological maturity (T t ) as 1, the relative days (T) was obtained as follows (Eq. (4)):
where T i − T 0 is the number of days from silking to the sampling day (T i ) and T t is the number of days from silking to physiological maturity.
Statistical analysis
Data analysis was performed with Microsoft Excel [36] , and tables and figures were produced by SigmaPlot 10.0 [37] . Analyses of variance (ANOVA) to determine effects of sowing date on KW and grain-filling parameters, and regressions of KW on environmental factors were performed with SPSS 16.0 [38] .
Results
Grain yield, kernel number, and kernel weight
Variation in sowing date strongly affected maize grain yield ( Table 2) . With a delay in sowing date, maize yield increased first and then decreased, ranging from 8117 to 11,364 kg ha −1 in 2012 and 7955 to 11,272 kg ha − 1 in 2013. The highest grain yield was obtained with the sixth sowing date (SD6).
No significant differences among sowing dates were found for KN except for SD4 in 2013, whereas KW was significantly affected by sowing date ( Table 2) . With a delay in sowing date, KW increased first and then decreased, ranging from 276.7 to 356.0 mg kernel −1 in 2012 and 263.6 to 344.2 mg kernel −1 in 2013. KW peaked at the sixth sowing date (SD6), and decreased in response to changing sowing date, from 6.5% (SD5) to 28.7% (SD8) in 2012 and from 6.0% (SD5) to 25.9% (SD8) in 2013. Variation in KW affected grain yield significantly, and a linear relationship between grain yield and KW was observed: y = 24.294× + 229.73 ( Fig. 1-B ). Thus, increase in grain yield was closely correlated with increase in KW in both years, whereas KN was not well correlated with grain yield Table 1 -The effective cumulative temperature (AT), daily mean temperature (T mean ), maximum temperature (T max ), minimum temperature (T min ), cumulative radiation (R a ), and precipitation (P r ) during the maize growth period among different sowing dates in 2012 and 2013.
Year
Month ( Fig. 1-A) . Thus, kernel weight was the determining factor influencing variation in maize yield.
Dry matter accumulation in kernels
The logistic fit with KW plotted against days after silking showed a high coefficient of determination ( > 0.96 ⁎⁎ ). The dynamics of KW accumulation for different sowing dates in 2012 and 2013 are shown in Fig. 2 , with days expressed as relative days to directly examine the difference in KW among sowing dates at different stages of grain filling. During the early grain-filling stage, the KW for different sowing dates were similar, except for the eighth sowing date (SD8) in 2012, when KW was significantly lower than for other sowing dates.
During the middle grain-filling stage, there were significant differences in KW among sowing dates. The KW of the first (SD1) and eighth (SD8) sowing dates were significantly lower than that of the sixth (SD6) sowing date (P < 0.05). During the late grain-filling stage, although the KW of all the treatments substantially increased, the value for the sixth (SD6) sowing date was the greatest and was significantly greater than those for other sowing dates. The KW accumulation for different sowing dates in 2012 and 2013 showed a similar trend ( Fig. 2-A, B) . Grain-filling parameters were the main factors influencing the kernel dry matter accumulation of maize and were calculated according to the estimated parameters from the logistic equation. Among the grain-filling parameters (Table 3) , the increased kernel weight at the maximum grain-filling rate (W max ), the effective grain-filling duration (P f ), and the mean kernel growth rate (G mean ) were strongly correlated with the final KW of maize (r = 0.88, 0.91, 0.66), whereas the initial grain-filling potential (R 0 ), the maximum kernel growth rate (G max ), and date of maximum kernel growth rate (D max ) were not.
As shown in Table 3 , with a sowing date delay, W max , P f , and G mean increased first and then decreased. The values of W max ranged from 137.8 to 174.3 mg kernel −1 in 2012 and 122.3 to 164.0 mg kernel −1 in 2013, and SD6 resulted in the greatest values, 4%-32% higher than those of the other treatments in 2012 and 7%-47% in 2013. The values of P ranged from 39.4 to 50.9 days in 2012 and 38.4 to 49.1 days in 2013, and SD6 resulted in the greatest values, 9%-29% higher than those of the other treatments in 2012 and 9%-28% in 2013. The values of G mean ranged from 6.4 to 7.4 mg kernel −1 day − 1 in 2012 and from 6.4 to 7.6 mg kernel −1 day − 1 , and the G mean for SD5 was significantly greater than those of the other treatments, increasing by 3%-16% in 2012 and 4%-19% in 2013.
Relationships between KW, grain-filling parameters, and environmental factors
In order to identify the main environmental factors associated with KW and grain filling, correlation analyses between KW, W max , P f , G mean , and climatic factors over the growth periods from silking to maturity of maize were performed ( Table 4 ). As shown in Table 4 , KW was significantly correlated with AT and R a over the growth period from silking to maturity (P < 0.05), whereas no significant correlation was found between KW and other weather factors. As for the relationship between grain filling parameters and weather factors, no significant correlation was found between W max and any of the weather factors from silking to maturity. However, P was strongly correlated with AT and R a from silking to maturity, and G mean was strongly correlated with T max , T min , and T max-min from silking to maturity.
Thus, temperature and radiation during silking to maturity were the main weather factors influencing maize grain filling.
As shown in Fig. 3 , a nonlinear relationship between KW (y) and AT from silking to maturity (x) (y = − 0.0003 × 2 + 0.5711x + 68.23) was observed. With an increase in AT from silking to maturity, KW first increased and then decreased. KW was greatest when the AT from silking to maturity was 952°C. There was a linear relationship between KW (y) and R a from silking to maturity (x) (y = 0.1225x + 190.68). With a 100 MJ m −2 increase in R a from silking to maturity, KW increased by 12.2 mg kernel −1 . When the R a from silking to maturity was lower than 1005.4 MJ m 2 , KW decreased significantly.
As shown in Fig. 4 -A, there was a nonlinear relationship between P f (y) and AT from silking to maturity (x) (y = − 2E-05x 2 + 0.038x + 26.95). With the increase in MT from silking to maturity, the P f increased first and then decreased. P f was greatest when the AT from silking to maturity was 950°C. There was a linear relationship between P f (y) and R a from silking to maturity (x) (y = 0.0119 × + 32.4) ( Fig. 4-B) . With a 100 MJ m − 2 increase in R a from silking to maturity, P f increased by 1.2 days. When the R a from silking to maturity was lower than 1005.4 MJ m 2 , P f decreased markedly. As shown in Fig. 5 , there was a nonlinear relationship between G mean (y) and T max (x) (y = −0.0173x 2 + 1.0457x − 8.6329), T min (y = −0.0069x 2 + 0.3002x + 3.6232), T max-min (y = −0.0567x 2 + 0.807x + 4.401) from silking to maturity. With the increase of T max, T min , and T max-min from silking to maturity, G mean increased first and then decreased. G mean was greatest when the T max , T min , and T max-min from silking to maturity were 30.2°C, 20.7°C, and 7.1°C, respectively.
These results suggest that high (T max > 30.2°C) or low (T min < 20.7°C) temperature and high diurnal temperature range (T max-min > 7.1°C) combined with low radiation (R a < 1005.4 MJ m − 2 ) during the post-silking stage could decrease the plant growth rate.
Discussion
Variation in weather conditions substantially affects maize kernel weight. To guarantee stable maize yield under climate change across northern China, it is important to understand the impacts of climatic conditions during the grain-filling period on dry matter accumulation in maize kernels. Under specific ecological conditions without variation in the soil environment, sowing in stages is an effective approach for evaluating the influence of climatic conditions on maize growth [21] [22] [23] . Our results showed that a delay in sowing date resulted in an initial increase in final grain yield followed by a subsequent decrease and that highest yield was obtained with a June 12 sowing date (SD6). Maize grain yield results from the combination of KN per unit area and average individual KW [2, 6, [39] [40] . In our study, there was no significant difference in KN among different sowing dates, whereas KW was strongly correlated with grain yield. Thus, KW was the primary factor influencing maize yield with varying sowing date. This finding further confirms the results of earlier workers who reported that variation in kernel weight can have a large impact on the final yield of maize [5] [6] 31, 41] . The highest KW was obtained at the sixth sowing date (SD6, June 12) and the lowest at the earliest, SD1 (March 25) and latest, SD8 (July 20) dates. The same trend for KW with sowing date was observed in two consecutive years, with a strikingly consistent descending order of KW, SD6 > SD5 > SD7 > SD4 > SD3 > SD2 > SD1 > SD8.
Some authors have reported that the individual KW accumulation is controlled by the kernel growth rate and the duration of crop growth [6, 9] . In our study, the KW for different sowing dates were quite close during the early grain-filling stage, whereas there were marked differences in KW among sowing dates during the linear grain-filling stage. This is because the assimilate availability per kernel is closely related to the kernel growth rate during the linear grain-filling period [6, 31, 41] . Our analysis also showed that the KW was strongly correlated with the linear grain-filling period (P), the kernel growth rate during the linear grain-filling period (G mean ), and the increase in kernel weight at the maximum grain filling rate (W max ). Thus, variation in P f , G mean , and W max were the determining factors for the variation in KW with sowing date.
Variation in climatic conditions during the grain-filling stage was the determining factor in maize KW variation [3] [4] 9, [21] [22] [23] . The duration of linear grain filling and the kernel growth rate were affected by the environmental conditions during the grain-filling stage in maize [4, 12] . In our study, KW was strongly correlated with AT and R a from silking to maturity, indicating that temperature and R a from silking to maturity were the main factors affecting KW. This result was in agreement with previous findings [3, 12, 21, 42] . However, no significant correlation was found between KW and precipitation during the grain-filling stage in our study. This is because maize was fully irrigated and no water stress was observed during the growing season. Kernel growth rate was well correlated with daily maximum temperature (T max ), daily minimum temperature (T min ), and diurnal temperature range (T max-min ) from silking to maturity (P < 0.05), and the effective grain-filling period was well correlated with AT and R a from silking to maturity. These results also confirmed the Table 3 -Grain-filling parameters of different sowing dates and correlation coefficients (r) between the final kernel weight and these parameters.
Year Sowing date
Grain-filling parameter ⁎ Correlation coefficients significant at the 0.05 probability level, ⁎⁎ Correlation coefficients significant at the 0.01 probability level. AT, effective cumulative temperature; MT, daily mean temperature; T max , daily maximum temperature; T min , daily minimum temperature; T max-min , diurnal temperature range; R a , cumulative solar radiation; P r , precipitation.
conclusion that temperature and radiation from silking to maturity were the main factors affecting KW.
According to the regression analysis, we can conclude that when the AT and R a were 950°C and 1005.4 MJ m 2 , respectively, P f was greatest. Moreover, either a high daily maximum temperature (T max > 30.2°C) during grain filling under early sowing (SD1, SD2, SD3, SD4, SD5), or a low daily minimum temperature (T min < 20.7°C) during grain filling under late sowing (SD7, SD8) combined with a high diurnal temperature range (T max-min > 7.1°C) could decrease the kernel growth rate, eventually decreasing the final kernel weight. This because high temperatures under early sowing conditions reduce intercepted photosynthetically active radiation during the grain-filling period by reducing the calendar time for crop development [43] , whereas low night temperature during grain filling, common under late sowing conditions, may reduce radiation use efficiency [44] , thereby decreasing kernel weight and yield. These findings are consistent with the results of earlier workers [22, 26] . We can conclude that when maize sowing in the North China Plain is performed between May 25 and June 27, the climatic conditions are suitable for kernel growth and a relatively high maize yield can be obtained. It is suggested the time range suitable for sowing maize will become larger under climate change conditions, and maize varieties with different maturation and sowing dates can be chosen to match crop growth with change in climatic conditions, especially for grain filling. This work will be an important future research priority for us.
Conclusions
Sowing date determines the climatic conditions to which maize is exposed. A marked reduction in final kernel weight (KW) occurred under early or late sowing and the highest KW was obtained for SD6 (June 12). Variations in climatic conditions during grain filling, associated with sowing date, were the main factors influencing kernel dry matter accumulation. Temperature and radiation were the main climatic factors influencing KW and grain-filling parameters. When the effective cumulative temperature (AT) and radiation (R a ) during grain filling were 950°C and 1005.4 MJ m − 2 , respectively, P f and KW were greatest. High temperature during grain filling under early sowing conditions (SD1, SD2, SD3, SD4, SD5), or low temperatures under late sowing conditions (SD7, SD8) combined with high diurnal temperature range decreased kernel growth rate and ultimately final KW. When sowing is performed between May 25 and June 27, a relatively high maize yield will be obtained. We conclude that variation in climatic conditions (temperature and radiation) regulates grain filling parameters such as kernel growth rate and duration of grain filling, eventually affecting kernel weight and grain yield. 
